Erdos B, Kirichenko N, Whidden M, Basgut B, Woods M, Cudykier I, Tawil R, Scarpace PJ, Tumer N. Effect of age on high-fat diet-induced hypertension. Am J Physiol Heart Circ Physiol 301: H164 -H172, 2011. First published May 6, 2011 doi:10.1152/ajpheart.01289.2010.-Aging and obesity both have a significant impact on central blood pressure (BP) regulation, and previous studies indicated that changes in central redox signaling with age may affect high-fat (HF) diet-induced cardiovascular responses. Therefore, we investigated the effects of 60% HF feeding on BP regulation in young adult (5 mo) and old (26 mo) Fischer-344 ϫ Brown-Norway rats. Radiotelemetric transmitters were implanted to measure BP, heart rate (HR), locomotor activity, and spontaneous baroreflex sensitivity. Expression and activity of NADPH oxidase and ANG II type 1 receptor were assessed in the hypothalamus and in the nucleus tractus solitarii. Old animals gained more weight on HF diet compared with young, whereas central NADPH oxidase expression and activity elevated similarly in the two age groups. After an initial hypotensive and tachycardic response during the first week of HF feeding, BP in young animals increased and became significantly elevated after 6 wk of HF feeding. In contrast, BP in old animals remained depressed. Nighttime HR and locomotor activity decreased in both young and old rats fed with HF diet, but these changes were more significant in young rats. As a result, amplitudes of circadian variation of BP, HR, and activity that were originally higher in young rats declined significantly and became similar in the two age groups. In conclusion, our experiments led to the surprising finding that HF diet has a more serious impact on cardiovascular regulation in young animals compared with old.
aging; obesity; NADPH oxidase; circadian variation; baroreflex sensitivity ELEVATED SYMPATHETIC NERVOUS system (SNS) activity plays a central role in age-and obesity-related hypertension (2, 15, 16, 35, 40) . Superoxide anion has been implicated in the mediation of sympathoexcitatory stimuli both in the hypothalamus and brain stem (11, 17, 27, 44) , and we have previously demonstrated that high-fat (HF) diet-induced obesity increased the expression and activity of NADPH oxidase, a major source of superoxide anion, in the hypothalamus, while antioxidant defense mechanisms remain unchanged (10) . On the other hand, although aging does not increase central NADPH oxidase expression, it reduces hypothalamic expression of antioxidant enzymes such as copper-zinc superoxide dismutase and catalase, resulting in increased oxidative stress (13) . These findings suggest that sympathoexcitatory effects of aging and HF diet feeding could both be mediated by increased central oxidative stress, and their effects may be additive, since HF diet increases the production of superoxide, while age downregulates those enzymes that scavenge oxidative free radicals. Thus age could possibly magnify the adverse effects of obesity on central blood pressure (BP) regulation. On the other hand, previous studies in young and old rats (13) demonstrated that central ANG II-mediated and stress-induced pressor responses were diminished with age, even though these responses are also mediated, at least in part, by superoxide anion (11, 27) , indicating that age has a complex effect on central BP regulatory mechanisms, and reduced central antioxidant capacity does not necessarily result in augmented superoxide-mediated sympathoexcitation and BP elevation.
Therefore, in this study, we set out to investigate the effects of HF diet-induced obesity on BP regulation in young adult and old Fischer 344 ϫ Brown Norway (F344 ϫ BN) rats fed with standard rat chow or a 60% HF diet. We have analyzed changes in circadian patterns of BP, heart rate (HR), and locomotor activity as well as spontaneous baroreflex sensitivity (sBRS) using radiotelemetry and assessed changes in the expression and activity of NADPH oxidase and ANG II type 1 (AT 1 ) receptor in the hypothalamus and in the nucleus tractus solitarii (NTS).
MATERIALS AND METHODS

Experimental Animals
Five-and 26-mo-old male F344 ϫ BN rats were obtained from Harlan (Indianapolis, IN). Upon arrival, rats were examined and remained in quarantine for 1 wk. Animals were cared for in accordance with the principles of the Guide to the Care and Use of Experimental Animals, and all procedures were approved by the local Institutional Animal Care and Use Committee. Rats were housed individually with a 12:12-h light-dark cycle (0600 to 1800 h).
Experimental Design
Young (n ϭ 10) and old (n ϭ 10) rats were equipped with radiotelemetric transmitters (model PA-C40; Data Sciences International, St. Paul, MN) for the measurement of BP and HR under isoflurane anesthesia with the cannulation of the abdominal aorta. After 4 wk of recovery, BP and HR were recorded for 3 wk in young and old animals fed with standard rat chow (15% fat; 3.3 kcal/g; diet-2018; Harlan Teklad, Madison, WI). Next, animals were switched to a HF diet (60% fat; 5.2 kcal/g, D12492; Research Diets, New Brunswick, NJ) and were fed with this diet for 15 wk. BP, HR, and locomotor activity were recorded on selected days for a minimum of 24 h in undisturbed rats. During the initial control measurements, telemetry data were collected 2-3 days/wk. During the first week of HF feeding, data were collected continuously for 7 days to analyze acute changes in BP and HR in response to HF diet. Next, data collection became less frequent to conserve battery power of the transmitters. The telemetry system also allowed us to assess spontaneous locomotor activity of the rats. Activity was calculated by the data acquisition system from variation in signal strength received from the transmitter and was expressed in arbitrary units (AU).
Additional groups of young (n ϭ 8) and old (n ϭ 8) rats were fed with standard rat chow along the whole duration of the study. These animals were used as controls for metabolic assessment, mRNA and protein expression, and NADPH activity assays.
Spontaneous Baroreflex Sensitivity
sBRS was assessed as described previously (29, 42, 43) . In short, on selected days, telemetric BP data were recorded for 5 min continuously with a sampling rate of 500 Hz. Pulse intervals (PI) and averaged mean arterial BP (MAP) values for every pulse were calculated using software developed in our laboratory. Respirationinduced fluctuations were filtered out by calculating moving averages of MAP and PI over 10 cardiac cycles. Spontaneously occurring ramps of increasing MAP of four beats or more were used to calculate baroreceptor reflex gain. For each pair of MAP and PI ramps, measurements were made at delays of three, four, and five beats. This is based on the delay time from a change in BP to a reflex response in PI in the rat as previously described (29) . sBRS gain was calculated from the average of the slopes of these three PI-BP plots. For each animal, the above-described analysis was conducted on five separate 5-min segments recorded between 1000 and 1200 h. Final sBRS values for each animal on a given day were attained by averaging results from the five segments.
Tissue Harvesting and Preparation
Animals were overanesthetized with pentobarbital (120 mg/kg ip), and blood was collected through cardiac puncture. Next, the circulatory system was perfused with 60 ml of cold saline, and the brain was removed. First, the hypothalamus was isolated, then a 2-mm-thick brain section was cut 12 mm posterior to the bregma using a rat brain slicer matrix, and bilateral micropunches of 1 mm in diameter (Stoelting, Wood Dale, IL) containing the NTS were removed. Hypothalamus and NTS samples were immediately frozen in liquid nitrogen.
NADPH Oxidase Activity
NADPH oxidase activity was measured with a lucigenin-enhanced chemiluminescence assay using hypothalamus homogenates. Tissue samples were incubated in artificial cerebrospinal fluid at 37°C in a luminometer (BMG Fluostar Optima). Scintillation counts were obtained for 30 min in the presence of NADH (100 M) and lucigenin (5 M), and background-corrected values were normalized to protein content for each sample.
Reverse Transcriptase-Polymerase Chain Reaction and Western Blot
AT 1, NADPH oxidase (NOX)-2, p47, and p67 mRNA expression was analyzed using relative quantitative RT-PCR and a QuantumRNA 18S Internal Standards kit (Ambion, Austin, TX). PCR was performed by multiplexing primers for AT 1 (sense: 5=-CAGCTTGGTGGTGATT-GTC; antisense: 5=-GCCATCGGTATTCCATAGC), NOX-2 (sense: 5=-CCTATGACTTGGAAATGGAT; antisense: 5=-CAGAGCCAG-TAGAAGTAGAT), p47 (sense: 5=-CCACACCTCTTGAACTTCTTC; antisense: 5=-CTCTAGTCAGCGATGGC), p67(sense: 5=-AGACAC-CTTGAACTACCATCC; antisense: 5=-CTGCTCTTCTGCTTTCTT-CC), and 18S primers. Protein levels of NADPH oxidase subunits NOX-2, p47 phox , and p67 phox were determined using Western blot, as previously described (12) .
Metabolic Effects of HF Feeding
Blood samples were taken via cardiac puncture from nonfasted animals at the time of death. Serum insulin and leptin levels were measured using enzyme-linked immunosorbent assay and RIA, respectively (Millipore, Billerica, MA). Glucose levels were assessed using a kit from Biovision (Mountain View, CA), whereas total cholesterol and triglyceride levels were measured by assays from Wako Diagnostics (Richmond, VA).
Statistical Analysis
Data were analyzed by one-way ANOVA or repeated-measures ANOVA. When the main effect was significant, a post hoc test was applied to determine individual differences between means. Relationships between BP and HR as well as locomotor activity and HR were analyzed using the Pearson Product Moment Correlation test and linear regression analysis. A value of P Ͻ 0.05 was considered significant.
RESULTS
Body weight and daily caloric intake of old chow-fed animals were significantly higher compared with young at the beginning of the experiment, and there were no significant differences between groups of similar ages (Fig. 1) . When animals were switched to HF diet, caloric intake increased significantly in both young and old animals (peak increases were ϳ70% and ϳ90%, respectively); however, young animals compensated for the highercalorie content of the food by decreasing their daily food intake after ϳ1.5 wk, and caloric intake in young HF rats returned back to normal. In contrast, caloric intake increased by a greater extent in old HF rats and remained elevated for a longer period of time (4 wk). Therefore, although both young HF and old HF rats became significantly heavier than their chow-fed counterparts, old HF animals gained more weight and at a higher rate compared with young.
Serum cholesterol levels measured at the end of the experiment in nonfasted animals were elevated significantly in old control rats compared with young (Table 1 ), but HF feeding had no effect on cholesterol levels in either age group. Tri- Fig. 1 . Changes in caloric food intake (top) and body weight (bottom) of young and old animals fed with standard rat chow (C) or a 60% high-fat (HF) diet. Initially, all groups were fed with standard rat chow (between week Ϫ3 and 0). Next, from week 0, rats in HF groups were fed with a 60% HF diet. *Caloric food intake was significantly higher (P Ͻ 0.05) in old vs. young HF groups from the beginning of the study until day 17 of diet treatment. Body weight was significantly higher (P Ͻ 0.05) in old vs. young rats regardless of diet for the whole duration of the study. #P Ͻ 0.05 HF vs. age-matched controls.
glyceride levels were also higher in old control rats compared with young control, and HF feeding increased triglyceride values both in young and old rats, but the percent increase was noticeably higher in young. Glucose and insulin levels were similar in young and old control rats and were elevated after HF feeding in both age groups. Leptin was elevated in old control compared with young control rats. HF feeding increased leptin levels in both young and old animals, and, although the diet treatment resulted in a significantly higher final serum leptin concentration in old HF rats, the percent increase in serum leptin was greater in the young HF group.
Effect of HF Feeding on BP, HR, and Locomotor Activity
Baseline. MAP was significantly elevated in the old chowfed rats compared with young chow-fed, both day-and nighttime (by 4.0 Ϯ 1.3 and 5.1 Ϯ 1.7 mmHg, respectively, Fig. 2 ). Daytime HR was lower in old rats on most days, although not every day, while nighttime HR was elevated markedly (by 31 Ϯ 4 beats/min) in young rats compared with old. Activity was similarly low in young and old rats during the day, but young animals were more than twofold more active during the night.
Acute response to HF diet. Replacing the standard diet with 60% HF diet induced an initial decrease in MAP in both young and old rats, which lasted for ϳ1 wk (Fig. 2) . The hypotensive response to HF feeding was only significant in old rats [for example, nighttime MAP decreased by 2.6 Ϯ 1.4 mmHg in young and by 7.6 Ϯ 2.7 mmHg (P Ͻ 0.05) in old rats], and, as a result, the initial difference in MAP disappeared between young and old groups. In contrast with MAP, HR increased rapidly in both young and old rats in response to change in diet (nighttime HR increased by 20 Ϯ 4 beats/min in young and by 17 Ϯ 5 beats/min in old rats, P Ͻ 0.05 for both). Interestingly, this response was more rapid than the decrease in MAP, for example, daytime HR became elevated significantly on the first day of HF treatment both in young and old rats compared with their baseline HR values. Similarly, nighttime HR increased significantly on the first day in old rats but only became elevated in the young rats after 1 wk. Day-and nighttime activity levels were not affected significantly during the first few weeks of HF diet.
Long-term effects of HF feeding. After the first week of HF feeding, MAP started to increase in young animals and became significantly elevated compared with baseline MAP after 6 wk of HF feeding (by 10.3 Ϯ 5.1 mmHg, P Ͻ 0.05, Fig. 2) . Next, MAP plateaued and remained elevated until the end of the experiment. In contrast, MAP in old animals remained significantly lower than baseline and also compared with MAP in young animals. Daytime HR values in both age groups declined back to baseline levels following the peak during the first wk of HF feeding but modestly elevated again after 7 wk of diet. However, the initial difference between young and old rats disappeared. Nighttime HR started to decline during the 2nd wk of HF feeding in young animals but remained steady in old rats. After 6 wk of HF feeding, HR decreased in old rats, too, but the decline in young rats was much more significant; therefore, the initial difference between young and old rats disappeared after 4 wk of HF feeding. For example, by the end of diet treatment, nighttime HR decreased by 32 Ϯ 5 beats/min in young rats (P Ͻ 0.05) but decreased only by 7 Ϯ 5 beats/min in old (not significant). Daytime activity increased in young rats after 6 wk of HF but remained unaffected in old animals. In contrast, nighttime activity decreased both in young and old rats following 6 wk of diet, but the decline was much more significant in young animals (Ϫ1.9 Ϯ 0.13 AU, P Ͻ 0.05) compared with old (Ϫ0.8 Ϯ 0.12 AU, P Ͻ 0.05), resulting in similar, although still statistically higher, activity levels.
Correlation between MAP, HR, and locomotor activity responses. Analysis of MAP and HR responses during the acute phase of HF feeding (first 2 wk) indicated a significant correlation between MAP and HR in both age groups and both day-and nighttime. For example, for daytime MAP and HR, the correlation coefficient (r) was Ϫ0.61 (P Ͻ 0.01) in young and Ϫ0.78 (P Ͻ 0.01) in old animals (Fig. 3A) . However, when analyzed over the whole duration of the experiment, correlation between daytime MAP and HR was positive in young rats (r ϭ 0.359, P ϭ 0.023) but negative in old animals (r ϭ Ϫ0.694, P Ͻ 0.01). In contrast, correlation between nighttime MAP and HR was negative in young (r ϭ Ϫ0.844, P Ͻ 0.01) while not significant in old rats. In addition, there was a strong correlation between nighttime locomotor activity and HR in young rats (r ϭ 0.934, P Ͻ 0.01), whereas the activity-HR correlation was not significant in old rats (r ϭ 0.299, P ϭ 0.061, Fig. 3B ).
Circadian analysis of MAP, HR, and locomotor activity. Age and HF feeding both had a significant impact on the circadian variation of MAP, HR, and activity. Variation in these parameters was significantly higher in young rats during the control phase of the study (Fig. 4, left) . However, after 12 wk of HF diet, the amplitude of circadian variation declined markedly, and, while young animals still demonstrated a circadian MAP pattern, day-night difference in MAP completely diminished in old rats. In addition, circadian variation of HR and activity completely disappeared both in young and old animals (Fig. 4, right) .
Spontaneous Baroreflex Sensitivity
In young chow-fed animals, sBRS was 0.211 Ϯ 0.052 ms/mmHg, whereas in old chow-fed rats, sBRS analysis indicated a lack of baroreflex in the range of spontaneously occurring BP fluctuations (Fig. 5) . After 1 wk of HF feeding, sBRS tended to be lower in both young and old animals, but these changes were not significant. However, after 10 wk of HF diet, sBRS in both young and old animals decreased significantly (0.036 Ϯ 0.089 and Ϫ0.223 Ϯ 0.108 ms/mmHg), resulting in a loss of baroreflex in the range of spontaneously occurring BP fluctuations in young rats and in a negative sBRS value for old animals.
Hypothalamic and NTS Effects of Age and HF Feeding
The catalytic NOX-2 subunit of NADPH oxidase remained unaffected by age in the hypothalamus, and HF diet increased its mRNA (Fig. 6A ) and protein levels only in young rats. Compared with young controls, NOX-2 mRNA and protein were 27 Ϯ 7 and 31 Ϯ 9% higher in young HF rats, respectively (P Ͻ 0.05 for both). Hypothalamic mRNA levels of the p47 regulatory subunit decreased with age (by 26 Ϯ 3%, Fig. 6B ) but was elevated by HF feeding in both age groups (by 33 Ϯ 6% in young and by 56 Ϯ Fig. 3 . A: relationship between daytime MAP and HR during the first 2 wk of HF feeding in young and old rats. Linear regression analysis indicated a slope of Ϫ2.25 in young rats (r 2 ϭ 0.372, P Ͻ 0.01, broken line) and a slope of Ϫ2.7 in old animals (r 2 ϭ 0.612, P Ͻ 0.01, solid line). B: relationship between nighttime locomotor activity and HR for the whole duration of the study in young and old rats. Linear regression analysis in young rats indicated a slope of 14.6 (r 2 ϭ 0.872, P Ͻ 0.01, broken line). In contrast, correlation between locomotor activity and HR in old rats (solid line) was not significant. 10% in old HF rats compared with their age-matched controls; P Ͻ 0.05 for both). However, age failed to have a significant effect on hypothalamic p47 protein levels (p47 protein was 10 Ϯ 6% higher in old compared with young controls), and HF dietinduced increases in p47 protein expression were only significant in young animals (19 Ϯ 4% increase, P Ͻ 0.05), whereas the change was not significant in old rats (13 Ϯ 9%). Another regulatory subunit of NADPH oxidase, p67, remained unaffected by age; mRNA (Fig. 6C ) and protein levels were 11 Ϯ 11 and 0.5 Ϯ 5% higher in old controls compared with young. However, HF feeding elevated levels of p67 mRNA (by 21 Ϯ 4% in young and by 30 Ϯ 6% in old rats, P Ͻ 0.05 for both) and protein (by 26 Ϯ 8% in young and by 27 Ϯ 11% in old rats, P Ͻ 0.05 for both). NADPH oxidase activity was 29 Ϯ 6% (P Ͻ 0.05) higher in chow-fed old animals compared with young controls and was augmented by HF feeding in both age groups (by 34 Ϯ 6% in young and by 32 Ϯ 9% in old rats, P Ͻ 0.05 for both, Fig. 5D ).
In the NTS, NOX-2 mRNA was unaffected by both age and HF diet. However, p47 and p67 mRNA expression increased significantly with age (by 35 Ϯ 8 and 37 Ϯ 9%, P Ͻ 0.05 for both), and, while HF had no effect on p47 levels in the NTS, p67 mRNA elevated by 26 Ϯ 8% in young and by 16 Ϯ 5% in old rats (P Ͻ 0.05 for both). Age had no effect on hypothalamic AT 1 mRNA levels, whereas AT 1 mRNA in the NTS tended to be lower in old animals vs. young (Ϫ16 Ϯ 6%, P ϭ 0.052). However, HF feeding upregulated AT 1 mRNA both in the hypothalamus (by 49 Ϯ 11% in young and by 27 Ϯ 5% in old, respectively; P Ͻ 0.05 for both) and in the NTS (by 20 Ϯ 12% in young and by 24 Ϯ 8% in old, respectively; P Ͻ 0.05 for both).
DISCUSSION
The major finding of this study is that, despite the greater increase in body weight in old rats, HF feeding has a significantly more adverse effect on cardiovascular regulation and locomotor activity in young animals.
Age-Related Changes in the Metabolic Effects of HF Feeding
significantly with advancing age. Body weight and adiposity increase steadily with age, whereas sensitivity to leptin is de- creased in the hypothalamus, resulting in increased susceptibility to HF-induced obesity (33) . Our results confirm these previous findings, since switching diet from standard rat chow to 60% HF diet resulted in an increased caloric intake that lasted almost four times longer in old rats compared with young. The inefficient control of food intake in response to higher caloric content also meant that old rats gained more weight at a faster rate during HF treatment. Serum leptin levels rose parallel with increases in obesity, and, although it reached significantly higher levels in old rats, the percent increase from control leptin level was larger in young animals following HF feeding. Leptin has been shown to affect central BP regulatory mechanisms increasing SNS activity and BP (5, 8) , and leptin-induced sympathoexcitation has been implicated in the pathomechanism of obesity-related hypertension (1). However, even though exogenously infused leptin increases SNS activity and BP, we demonstrated in a previous study that HF diet-induced elevation of BP cannot be reversed with central infusion of a leptin antagonist (38) . Results from our current study further prove that serum leptin level alone cannot be responsible for elevated BP, since BP in old animals failed to increase in response to HF diet despite the extremely high serum leptin levels.
The F344 ϫ BN rat was chosen for our studies because these animals demonstrate a gradual increase in body weight (23) , similar to what occurs in humans (34) . The F344 ϫ BN rat has a steady weight gain paralleled by an increase in adiposity from 3 to 25 mo of age, followed by a decline at 30 mo. In humans, there is a gradual increase in obesity in both men and women from age 25 to around 65, after which body weight declines. The gradual increase in body weight with age in the F344 ϫ BN rats is very different from the rapid increase in body weight observed in other rat strains, for example, in the Sprague Dawley rats, and the similarities between our rats and what occurs in humans suggest that the F344 ϫ BN rat is a reasonable model for human aging and obesity. In addition, analysis of HF diet-induced changes could prove to be impossible in rat strains where aged rats demonstrate significant obesity even on chow diet. However, because of the distinctive characteristics of the F344 ϫ BN rats, including moderate weight gain, but also lower incidences of many age-related diseases and significantly longer life span (24), the cardiovascular effects of HF feeding observed during our studies could be specific to this rat strain. Nevertheless, the metabolic changes in young F344 ϫ BN rats were similar to those reported by previous studies conducted in Sprague Dawley rats of similar age following HF/high-energy diet feeding, including elevated glucose and insulin levels and reduced insulin resistance as well as dyslipidemia (4, 19, 32, 37) .
Acute Cardiovascular Effects of HF Feeding
One objective of our experiments was to evaluate acute BP and HR responses at the onset of HF diet feeding. Therefore, the current experiments were designed so that BP and HR were recorded continuously during the first week of HF feeding. The observed immediate increase in HR corresponds with previous studies suggesting a sympathoexcitatory effect of increased caloric intake; however, the decline in BP during the first week of diet was unexpected. Because HR increased during this time, we have to assume that there was a decrease in peripheral vascular resistance or a decrease in cardiac muscle contractility. Conversely, a significant negative correlation between BP and HR values during this phase of the experiment could indicate that the increase in HR was mediated by baroreflex in response to a decrease in BP. However, correlation coefficients were relatively low, and, interestingly, changes in BP were delayed in relation to the increases in HR. Therefore, it is doubtful that the tachycardic response was mediated by baroreflex. Further studies are needed to reveal the mechanisms underlying this acute hypotensive response and to determine whether these responses are specific to the F344 ϫ BN strain or the 60% HF diet.
Long-Term Cardiovascular Effects of HF Feeding
It has been shown by others (6) and us (10) that HF diet feeding for an extended period results in a modest elevation of BP and a disruption of circadian patterns in young Sprague Dawley rats. In this study, we demonstrated that young F344 ϫ BN rats respond to HF diet similarly, and BP became significantly elevated after 6 -7 wk of diet. Surprisingly, BP of old animals failed to increase in response to HF diet during this time. In fact, BP declined further, resulting in significantly lower BP values in old HF rats compared with young HF. On the other hand, HF feeding had similar effects on the circadian pattern of BP, reducing the amplitude of fluctuation in both young and old rats, but it resulted in a complete loss of circadian variation in old rats because of the originally lower BP variation at this age.
The effect of HF feeding on HR and locomotor activity was also more severe in young animals compared with old. HF diet reduced circadian variation of HR and activity in both young and old rats, but the decline in nighttime HR and activity was much more significant in young rats, and HF feeding completely obliterated the age-related difference and the circadian patterns of HR and activity. Nightime HR and activity values had a strong correlation in young animals, implying that diminished circadian rhythm of HR may be a consequence of reduced locomotor activity. In addition, reduction of nighttime activity in young animals was coupled with an increased activity during the resting daytime period, indicating that sleep patterns may have also been disrupted in young rats by HF feeding. These severe effects of HF diet on circadian patterns are of utmost significance, since disturbed circadian pattern has been shown to be a risk factor for cardiovascular diseases (3, 36, 41) . Although the underlying mechanisms are unclear, developing leptin resistance may have played a key role in HF diet-induced inactivity, since inhibition of hypothalamic leptin signaling has been shown to reduce voluntary wheel running in rats (25) . In addition, the percent increase in serum leptin, which is an indicator of leptin resistance, was considerably higher in young vs. old rats, which correlates with the greater decline in locomotor activity. On the other hand, because old animals were already leptin resistant even on control diet, changes in leptin sensitivity and locomotor activity during HF feeding were not as significant as in young rats.
In addition to the above-described effects, HF feeding also lowered sBRS values in both age groups. This meant a loss of baroreflex in the range of spontaneously occurring BP fluctuations in young rats and in a negative sBRS value for old animals. The significance of zero or negative sBRS values is not clear, but unpublished data from our laboratory indicate that baroreceptor reflex, assessed with intravenously infused hypotensive and hypertensive drugs over a much wider pressure range, is maintained in old animals, although with a reduced sensitivity, even when the sBRS value is close to zero. This could mean that fine tuning of HR to small spontaneous fluctuations of BP is lost (in old control and young HF rats) or even reversed (old HF rats), whereas larger changes in BP, such as those induced by intravenous infusion of vasoactive drugs, are still compensated with adjustments of HR, although with a lower sensitivity. Such loss of the fine tuning ability might be responsible for the increased BP variation (standard deviation and variation coefficient) observed in elderly patients (20) , since significantly larger changes in BP are needed to trigger a compensatory response. Such an increase in BP variation not only makes assessment of antihypertensive treatments more difficult but it may also contribute to the development of cardiovascular diseases (22) .
Our initial hypothesis that diminished central antioxidant capacity in old rats (13) would increase susceptibility to HF diet-induced central oxidative stress, sympathoexcitation, and BP elevation was not supported by our results. HF diet did increase AT 1 receptor expression in both the hypothalamus and NTS in the two age groups, which corresponds with our previous findings (10) . In addition, although there were agerelated differences in the upregulation of NADPH oxidase subunits (for example, hypothalamic NOX-2 and p47 subunits only elevated in young rats in response to HF feeding), NADPH oxidase activity elevated similarly in the two age groups. However, the diet-induced increase in central superoxide level did not translate into higher BP values in old rats.
There are several possible explanations for this. First, as our previous studies have indicated, BP of old rats is less sensitive to centrally infused ANG II, and restraint stress-induced BP elevation is also diminished with age (13) despite the fact that both ANG II-and stress-induced hypertensive responses are mediated by superoxide anion (11, 26, 27) . However, one important target of the ANG II-superoxide pathway is noradrenergic neurons in the hypothalamus and brain stem (7, 18, 46) , and we have shown in previous studies that hypothalamic levels of tyrosine hydroxylase, the rate-limiting enzyme in catecholamine biosynthesis, and dopamine ␤-hydroxylase are reduced markedly in old animals compared with young (9, 14) . Although it is not yet clear whether this is due to a loss of noradrenergic cells in cardiovascular regulatory regions or to reduced catecholamine biosynthesis, it is possible that a decline in noradrenergic neurotransmission limits the ability of superoxide anion to increase SNS activity and BP. Another possibility is that, in old animals, the vasculature may not respond to increases in SNS outflow the same way as in young animals. Age has a significant impact on vascular function. Endothelium-dependent dilator responses are reduced significantly mainly because of chronic low-grade inflammation and oxidative stress (39) . Therefore, elevated basal vascular tone in old animals may limit the ability of the SNS to induce further vasoconstriction. In addition, it has been shown that ␣ 1 -adrenergic receptor-mediated vasoconstriction is also diminished with age in peripheral arteries (30, 45) , possibly further reducing the sympathoexcitatory effect of HF feeding on peripheral vascular resistance and BP in old rats compared with young. To clarify the relative importance of central regulatory mechanisms and peripheral vascular function, further studies assessing sympathetic nerve activity parallel with changes in BP will be necessary.
In addition, a limitation of our study was that we did not directly measure markers of oxidative stress in hypothalamic and NTS tissue samples. Correlation analysis of these markers and BP and HR responses could reveal further details about the importance of central redox signaling in obesity-and agerelated dysregulation of BP and the SNS.
In conclusion, our experiments led to the surprising finding that HF diet feeding has a more serious impact on cardiovascular regulation in young animals compared with old, and HF diet also has a striking effect on spontaneous locomotor activity of young animals. On the other hand, age-related changes in the central nervous system and/or in the peripheral vasculature make old animals resistant to the hypertensive effects of a HF/high-calorie diet. These findings are significant in view of the ever-increasing prevalence of childhood and adolescent obesity and their link to elevated risk of cardiovascular morbidity and mortality in adulthood (31) . The importance of consuming a balanced diet and limiting daily caloric food intake is further emphasized by the finding that HF diet dramatically reduced locomotor activity and by the overwhelming evidence that sedentary lifestyle is linked with obesity and cardiovascular diseases (21, 28) .
